The results of a study on the ground states of thorium tetrahalides using density functional theory are presented. The equilibrium geometries of (X \ F, Cl, Br, I) have been optimized and their harmonic ThX 4 frequencies have been calculated. In the geometry optimizations the results were generated by using two di †erent density functional programs, namely GAUSSIAN98 and MAGIC. Both local and non-local functionals were used. This allowed us to benchmark the MAGIC program and check the consistency of the theoretical predictions between di †erent codes. Equilibrium structures, harmonic frequencies and zero-point energies were then calculated for a wider range of methods using GAUSSIAN98. Among these methods HartreeÈFock and second-order perturbation theory are included. 
Introduction
The equilibrium structures of the uranium and thorium tetrahalides have been the subject of many investigations over the last 40 years.1h9 While it is clear that the thorium compounds are tetrahedral, considerable uncertainty exists for the uranium compounds with both tetrahedral and distorted tetrahedral geometries being suggested. Unfortunately, no deÐnitive high resolution spectroscopic measurements have been performed on these compounds and existing experimental evidence is drawn from results of electron di †raction experiments and thermochemical treatment of torsion e †usion vapor pressure studies.6 Ref. 10 describes in detail the state-ofthe-art of the experimental and theoretical research on these compounds. The situation for the thorium tetrahalides is much clearer than for the uranium tetrahalides. Experimental information from electron-di †raction measurements and thermochemical studies conÐrm the tetrahedral geometry for these molecules deduced in the Ðrst experimental investigations. 10 Analysis of the torsion e †usion vapor pressure results6 was made using estimated vibrational frequencies that were available at that time. However, more recent gas-phase infrared studies on and (ref. 10) showed that the freUCl 4 , UF 4 ThF 4 quencies of the bending modes of these molecules were much lower than the early estimates. Reliable vibrational frequencies of the uranium and thorium tetrahalides are important in evaluating entropies for di †erent geometries and they should be compared with the experimentally derived entropies. While the equilibrium structures of the molecules are not in ThX 4 doubt, being established as tetrahedral, the equilibrium structures of the molecules are not well established. The best UX 4 available estimates have been deduced from the second law of entropy of sublimation supported by computed entropies, derived from available vibrational frequencies.6 Experimental work on thorium tetrahalides is currently being performed by HildenbrandÏs group10 and DykeÏs group.11
In the present study, the equilibrium geometries of ThX 4 molecules in their ground states were determined with density functional theory (DFT) methods. At these geometries, the DFT harmonic vibrational frequencies were then computed, providing a test of the measured vibrational frequencies, and providing values for the other modes that have not yet been measured. Two DFT programs were used, namely GAUSSIAN9812 and MAGIC. 13 Comparative calculations were performed at both the HartreeÈFock (HF) and (MP2) second-order perturbation levels of MÔllerÈPlesset theory with the GAUSSIAN98 code.
In Section 2 the theoretical methods and computational details are described. Section 3 reports the results of the calculations and Ðnally in Section 4 some conclusions are presented.
performed in this work, two functionals were used. The Ðrst functional was the local spin density approximation (LSDA) which includes uniform electron gas exchange20 and the VoskoÈWilkÈNussair (VWN)21 correlation functional. The second functional was the gradient-corrected BLYP functional which includes the uniform electron gas exchange, the Becke 88 correction to exchange22 and the LeeÈYangÈParr correlation functional. 23 MAGIC employs the RIÈJ method to calculate the Coulomb energy,24 which is roughly an order of magnitude faster than the conventional approach. Auxiliary basis sets for Ðtting the density are required for this purpose. The auxiliary basis set of Ahlrichs et al. 24 ,25 was used on the halogen atoms and a "" working auxiliary ÏÏ basis set26 was used on the thorium atom. The Gaussian and MAGIC approaches are thus not identical because of the di †erence by which the Coulomb energy is determined and this paper allows a comparison between the two di †erent approaches.
In the MAGIC calculations the geometries of comThX 4 pounds were optimized without any symmetry restrictions. The gradient tolerance was set to 10~4 on the largest component of the Cartesian gradient in order to converge bond lengths to the third decimal and angles to the Ðrst decimal. An ultraÐne grid was used, within the so-called Log3 scheme for the radial part of the grid by Mura and Knowles. 27 Several functionals were tested in the GAUSSIAN98 calculations. The LSDA and BLYP calculations were repeated to benchmark the MAGIC code. Calculations using the B3LYP functional and HF method were also performed. Equilibrium geometries and harmonic frequencies were computed. Comparative geometry optimizations and harmonic frequency calculations were also performed using MP2.
Gaussian calculations were performed using the ultraÐne (99, 590) grid having 99 radial shells and 590 angular points per shell, which is recommended for computing very low frequency modes. At the same time the weighting scheme of Becke has been used for numerical integrations and very tight thresholds have been enforced both for the self-consistent and optimization convergence criteria. The gradient tolerance was the default one in Gaussian which is set to be 10~6 on the largest component of the Cartesian gradient.
In both the GAUSSIAN98 and MAGIC calculations, the relativistic e †ects due to the high atomic number of the thorium atom are taken into account implicitly through the use of e †ective core potentials (ECPs) derived from high accuracy relativistic calculations on atoms. The energy-adjusted thorium ECPs of et al. were used for this purpose.28 Ku chle The accompanying basis sets of the thorium ECPs were used to describe the valence electron density.28 This basis includes 30 valence electrons on Th. This was augmented by two g functions with exponents of 0.52 and 0.22 to describe the valence electron density. On the Ñuorine and chlorine atoms the 6-311G** (ref. 29) all-electron basis set was used. On bromine and iodine the energy-adjusted ECPs of Bergner et al. 30 were used. The B3LYP calculations on and ThF 4 ThCl 4 were repeated also by using the energy-adjusted ECPs on the halogens of Bergner et al. 30 A polarization d function was added to the halogen basis with the exponent of 1.75, 0.75, 0.389 and 0.266 for F, Cl, Br and I, respectively. The accompanying basis sets of the Br and I ECPs were used to describe the valence electron density28 and they include seven valence electrons on the halogens. The basis sets used are Spherical. The convergence of the results with the basis set was investigated by a number of B3LYP computations on These ThF 4 . results are discussed in the next section.
Results and discussion
The full optimization predicts a tetrahedral structure for all the thorium tetrahalides with both GAUSSIAN98 and MAGIC. This is conÐrmed by the harmonic frequency calculations, which give real harmonic frequencies for all the thorium tetrahalides at a tetrahedral geometry.
In Table 1 a comparison between GAUSSIAN98 (standard DFT) and MAGIC (DFT with RIÈJ) results is reported. The equilibrium distances ThÈX for the tetrahedral structures have been obtained at the LSDA and BLYP level of theory. An overall agreement between the two sets of results can be seen. Di †erences are at the level of the convergence tolerance in the optimization used in the MAGIC calculations. The experimental equilibrium bond distances are those listed in ref. 6 and 10 and are obtained from gas-phase electron di †raction measurements on the thorium tetrahalides where the experimental error is at least^0.005 A .
In Tables 2È5 the DFT, HF and MP2 equilibrium Table 2 shows that for the equilibrium bond length of the HF value is too low, as expected, with all ThF 4 , the density functional values also being too low, apart from the BLYP result which is slightly too high. The B3LYP bond length with the ECPs basis on Ñuorine is slightly shorter than the bond length with the all electron basis 6-311G** on Ñuo-rine. The MP2 value for the equilibrium bond distance is very close to the B3LYP and HF values. As regards the frequencies, only the and
and the MÈF bond length in these l 2 tetraÑuorides. From these correlations, the measured values of and R(ThÈF) were used to estimate and in l 3 , l 4 l 2 l 1 ThF 4 . If initially only the computed frequency values are considered, overall the MP2 frequencies are slightly lower than the HF frequencies, and slightly higher than the B3LYP and BLYP frequencies.
The basis set convergence was investigated in some B3LYP calculations on
The inclusion of g orbitals on thorium ThF 4 . increases the ThÈF equilibrium bond distance by 0.007 and A on going from a double to a triple zeta basis on the Ñuorine the ThÈF equilibrium bond distance increases by 0.01 In A . agreement with previous studies,31,32 doubling the polarization functions and addition of di †use functions or f functions (Table 4 ) the B3LYP equiThBr 4 librium bond distance is the closest result to the experimental value, the BLYP and HF values being too high, and the LSDA and MP2 too low. For (Table 5) , the LSDA equiThI 4 librium bond distance is the closest to the experimental value.
In order to investigate the overall agreement of the methods used in this study with experimental values, we compared the computed and experimental values for the quantities that have been measured, namely the ThÈhalogen equilibrium bond distance for the four molecules, and In each case an error was estimated as the di †erence ThCl 4 . between the calculated and experimental values, divided by the total calculated value and a percentage error estimated in such a way is derived for all methods. As regards the B3LYP results for and the values obtained by using the ThF 4 ThCl 4 ECPs on the halogen have not been considered because they are very similar to the corresponding B3LYP results with the 6-311G** basis, which are considered in this statistical analysis. It can be observed that all the methods perform similarly in the equilibrium distance calculation. The percentage error varies between a minimum of 0.15% in the BLYP ThÈF equilibrium distance and a maximum of 2.62% in the HF ThÈI equilibrium distance. MP2 gives the lowest average error for bond length, 0.62%, followed by B3LYP, 0.75%. The errors in the frequency calculations are higher than in the bond distances, with a B3LYP lowest average error of 4.39% (the MP2 average error in the frequency calculations is 4.99%). It can thus be stated that on average B3LYP is the method that performs better, even though one has to bear in mind that this statistical analysis has been performed on a limited number of data, due to the limited amount of available experimental information.
This suggests that all methods give a better estimation of the harmonic frequencies than the empirically extrapolated values, and in future thermodynamic calculations it would be more reliable to use the B3LYP values than the empirically extrapolated values. Recommended frequencies are therefore the B3LYP values shown in Tables 2È5, although The experimental results, derived from vapor phase electron di †raction measurements on a high temperature e †usive beam, do not strictly correspond to the equilibrium values, since they include vibrational averaging. In order to estimate this e †ect, the di †erence between the equilibrium bond distance, and the bond distance in the zeroth vibrational level, R e has been computed for all thorium tetrahalides. A varia-R 0 , tional numerical procedure which takes into account the anharmonic stretching has been followed. This procedure is a 1 described in ref. 33 . The results of these computations show that this e †ect can be neglected for these tetrahalides, since it leads to a lengthening of the ThÈX bond of 0.0008 at most. A ). earlier, deduction of the structure of each molecule from the experimental entropy of sublimation depends on a knowledge of the frequencies of all the normal modes. It is proposed therefore to extend this work to compute the equilibrium structures of the molecules and their vibrational fre-UX 4 quencies, and this work is currently in progress. However, since is an open shell multiconÐgurational system, a UF 4 theoretical approach able to handle this type of system has to be used. 
Conclusions

